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Abstract Because ﬁsh have a high dispersal ability, an
understanding coral reef ﬁsh metacommunity structure
is vital for eﬀective conservation. Coral reefs provide
patchy habitat of various sizes and scales. We examined
the species–area relationship (SAR) of damselﬁsh (Po-
macentridae) assemblages over 81 environmentally ho-
mogenous patch reefs ranging 0.07–45.4 m2 with low
coral cover. Patch reefs were located in the shallow back
reef (<2.5 m deep) oﬀ Ishigaki Island, Japan. Reef area
was measured by performing image analysis of enlarged
sections of a high-resolution (>1/2500) color aerial
photograph used as a ﬁne-scale seascape map. To assess
the eﬀects of three-dimensional meso-scale rugosity on
species richness, we assumed that all reefs had a cylin-
drical shape and examined species by volume (area ·
height) relationships (SVR). Patch reef volume was a
better determinant of species richness than area, and the
regression functions of SVR provided better estimates of
patch reef species richness. Neither the observed SVRs
nor SARs, however, could be explained by a random
placement model alone. Our results suggest that several
small reefs are likely to have higher species richness than
a single large reef of equivalent area in the shallow back
reef where large patch reefs are ﬂat. Thus, total patch
reef volume (area · height) better reﬂects meso-scale
rugosity and is a useful indicator of total species richness
relative to the total amount of essential habitat in shal-
low back reefs.
Keywords Meso-scale rugosity Æ Metacommunity Æ
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Introduction
Unlike terrestrial animals, an understanding of meta-
community structure is vital for the conservation of
sedentary marine animals because they have a dispersive
larval phase that enables use of discrete habitat patches
(Roﬀ and Zacharias 2011). Coral reefs form patchy
habitats for sedentary marine animals on various scales,
and coral reef ﬁsh communities are among the richest
animal communities in nature (Lowe-McConnell 1987;
Sale 1991, 2002; Bostro¨m et al. 2011; Pittman et al.
2011). Although patterns of reef connectivity and patch
dynamics are not well understood for reef ﬁsh (Christie
et al. 2010; Mumby et al. 2011), evidence suggests that
larval connectivity between habitat patches within a
coral reef area is high (e.g., Almany et al. 2007; Planes
et al. 2009; Pinsky et al. 2012).
The back reef is an essential component of a coral
reef, harboring many resident reef ﬁsh (Chave and
Eckert 1974; Lowe-McConnell 1987). Back reefs are
often less than 3 m deep and consist of numerous small
patch reefs formed by coral heads and outcrops dis-
persed throughout the sandy bottom. These patch reefs
of various sizes oﬀer a valuable means of studying the
metacommunity structure of coral reef ﬁsh on a small
spatial scale.
The species–area relationship (SAR) is a useful tool
for terrestrial conservation because it allows an estimate
of an important variable (species richness) to be made
from another variable (area) that is easily measured
(Rosenzweig 1995, 2004; Tjo¨rve 2003; Dengler 2009;
Smith 2010). Fahrig (2013) suggested that species rich-
ness does not increase in several small habitats relative
to a single large habitat of equivalent area, but that total
area, no matter how subdivided, is the crucial determi-
nant of species richness. In contrast, Rosenzweig (2004)
suggested that this single large or several small (SLOSS)
debate may matter at small spatial scales because of edge
eﬀects and metapopulation dynamics. On very small
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scales, superior competitors can avoid using patch edges
where predation risk is higher (Ries and Sisk 2010), and
superior dispersers or colonizers can move among
habitat patches using small patches and patch edges to
avoid interspeciﬁc competition (Tilman 1994; Lehman
and Tilman 1997; Hattori 2002). Thus, multiple species
with similar habitat requirements may coexist in a pat-
chy habitat via interspeciﬁc trade-oﬀs between disper-
sal/colonization and competitive abilities (Tilman 1994;
Lehman and Tilman 1997).
Marine ecologists examining the SAR in coral reef
ﬁshes across small patch reefs dispersed throughout a
sandy bottom have found greater species richness in
larger patch reefs (Sale and Steel 1986; McClanahan
1994; Ault and Johnson 1998; Acosta and Robertson
2002; Chittaro 2002). These ﬁndings suggest that high
ﬁsh species richness on large reefs may be caused by high
coral cover and topographic complexity in addition to
the large area. Even if there are no diﬀerences in com-
plexity between habitat patches, the random placement
model holds that more species may be found on larger
reefs simply because they may randomly accumulate
larger numbers of settling species (Coleman 1981; Sim-
berloﬀ and Gotelli 1984). Belmaker et al. (2007)
demonstrated clearly that, on a small scale, the observed
SAR in coral reef ﬁsh can be reproduced using random
placement model simulations (RPMS). In contrast,
Harborne et al. (2012) highlighted the important inﬂu-
ence of coral-generated meso-scale rugosity on reef ﬁsh
species abundance and diversity, where tall reefs
(>0.5 m) harbor more species than ﬂat reefs. Accord-
ingly, several small but tall reefs may harbor more spe-
cies than a single ﬂat (and short) reef of equivalent area.
Moreover, interspeciﬁc trade-oﬀs between dispersal and
competitive abilities may aﬀect the SAR in coral reef ﬁsh
on very small spatial scales. Thus, the relationships
among species richness, patch reef area (size distribution
and total area), habitat complexity (coral cover and
three-dimensional meso-scale rugosity) and the random
placement model remains uncertain.
To determine whether single large or several small
patch reefs (both in the size-distribution and the total
patch reef area) aﬀect the total species richness of ﬁsh on
shallow back reefs, Hattori and Shibuno (2010) examined
SARs in damselﬁsh (Pomacentridae) assemblages on 84
small patch reefs with similar levels of low coral cover oﬀ
Ishigaki Island, Okinawa, Japan. They performed RPMS
to compare SARs simulated with random placement with
observed SARs. Species richness was found to increase
linearly with log-transformed patch reef area, but ob-
served species richness on the largest reefs wasmuch lower
than that expected from RPMS; a single large patch reef
did not harbor more damselﬁsh species than several small
patch reefs with an identical total area. Further work in
the shallow back reef suggested that the eﬀects of inter-
speciﬁc competition on species richness are stronger on
ﬂat reefs than on tall reefs (Hattori and Shibuno 2013).
Thus, tall reefs may also harbor more species than an
equivalent area of ﬂat reefs.
We reexamined the SAR in coral reef damselﬁsh at
the same site oﬀ Ishigaki Island in Japan that was
studied by Hattori and Shibuno (2010) to test previous
results. We conﬁrmed that (a) the regression function
obtained from the observed SAR could predict species
richness on patch reefs; (b) the SLOSS issue aﬀected the
observed SAR, where the RPMS alone could not re-
produce the observed patterns; and (c) coral cover only
slightly aﬀected the observed SAR. To determine the
eﬀects of three-dimensional meso-scale rugosity on spe-
cies richness, we then analyzed the SARs and species
volume (area · height) relationships (SVR) in the ﬁsh.
Speciﬁcally, we examined three questions: (a) can the
regression function derived from the observed SVR be
used to predict species richness on patch reefs? (b) Can
the observed SVR be reproduced by RPMS alone?
(c) Does coral cover contribute to the observed SVR? To
address these questions, we counted the number of in-
dividuals of all species of damselﬁshes found within an
area of patch reef and measured the coral cover, height
and area of each reef. We then used the abundance data
of each species to perform RPMS and assess the eﬀects
of SLOSS on patch reef species richness (Simberloﬀ and
Gotelli 1984; Hattori and Shibuno 2010; see below).
Overall, we aimed to determine if SLOSS matters at the
scale of small patch reefs with similarly low coral cover
relative to interspeciﬁc trade-oﬀs between dispersal and
competitive abilities of reef ﬁshes.
Methods
Study species
Damselﬁsh are abundant and conspicuous in the back
reef zones of coral reefs (Allen 1991). They are grazers,
browsers or plankton feeders that feed near habitat re-
fuges that provide quick escape from predators. Small
patch reefs of coral heads and outcrops, the most com-
mon damselﬁsh habitat, serve multiple purposes, pro-
viding food, mating sites and spawning grounds. Thus,
damselﬁsh assemblages are ideal for estimating the
habitat quality of small patch reefs.
Study site and seascape maps
Research was conducted between June and September
2009 in the shallow (1.5–2.5 m), sandy back reef zone of
Shiraho Reef, Ishigaki Island, Okinawa, Japan
(2422¢18.22N, 12415¢13.82E). The site (3.6 ha) was the
same as that used by Hattori and Shibuno (2010), which
we divided the site into the same seven districts (see also
Tamura et al. 2007; Hattori 2012). The shallow back reef
contains numerous small patch reefs (0.05–45.4 m2) that
are easily distinguished in high-resolution color aerial
photographs. These aerial photographs were water-
proofed and used as seascape maps for data collection
(methods in Hattori and Shibuno 2010). Coral cover and
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forms (digitate, massive, branching, pillar or encrusting)
of 81 patch reefs were sketched underwater on the maps
in August 2009. Three reefs 0.05–0.18 m2 measured in
2007 (Hattori and Shibuno 2010) were no longer pre-
sent.
Data collection and analysis
Damselﬁsh species and abundance were counted at all
measured patch reefs six times, and the mean value was
taken as the observed total species richness. The ob-
served SAR for each patch reef was then calculated as
the relationship between the mean damselﬁsh species
richness and reef area. Data were collected as in Hattori
and Shibuno (2010), where the position of each dam-
selﬁsh was recorded directly onto the ﬁne-scale seascape
map using its species name. Two snorkelers individually
conducted a census at two or three districts per day for a
total of six counts in each district (three per snorkeler) in
a 1-week period during late June 2009. We then aver-
aged the numbers of individuals of each species observed
on each patch reef. The basal area and coral cover of
each patch reef were determined using Image J 1.33
(Rasband, W.S. Image J, US. National Institutes of
Health, Bethesda, Maryland, USA, http://rsb.info.nih.
gov/ij/, 1997–2007) according to the methods detailed in
Hattori and Shibuno (2010). Reef height to the nearest
5 cm was previously measured in the ﬁeld (Hattori and
Shibuno 2013). All data were analyzed with the statis-
tical software R 3.0.1 (R Development Core Team
2013). Comparisons between data collected in 2009 (this
study) and 2007 (Hattori and Shibuno 2010) were ex-
amined using a t-test for the mean species richness and
the total damselﬁsh abundance, and paired t-test for the
mean percent coral cover. Linear functions were ﬁtted to
the SAR and SVR data in semi-log space. Observed
SVR of each patch reef was calculated as the relation-
ship between its average damselﬁsh species richness and
reef volume (area · height), assuming a cylindrical
shape for each reef. Observed SVRs were calculated for
the data collected in both 2007 (Hattori and Kobayashi
2010) and 2009. Pearson correlation coeﬃcients were
used to estimate the relationship between patch reef
species richness and total area of coral cover. Non-linear
regressions were used to estimate the relationship be-
tween species richness, percent coral cover and patch
reef area or volume. We compared the number of patch
reefs inhabited by each damselﬁsh species to evaluate the
presence of interspeciﬁc trade-oﬀs between dispersal and
competitive abilities.
Random placement model simulation (RPMS)
To estimate the eﬀect of patch reef size (i.e. SLOSS) on
the observed SAR and SVR in damselﬁsh, we performed
computer simulations using the abundance data for each
species according to the methods detailed in Hattori and
Shibuno (2010). In the computer simulations, we as-
sumed that there are no interspeciﬁc competitions on
each reef and no diﬀerences in habitat complexity be-
tween reefs and consequently larger patch reefs ran-
domly accumulate larger numbers of settling individuals.
Accordingly, greater species richness is expected to be
found at larger reefs under these conditions (see also
Coleman 1981; Simberloﬀ and Gotelli 1984; Belmaker
et al. 2007). Thus, in the random placement model,
SLOSS does not aﬀect SAR. In order to know whether
SAR can be explained by random placement alone and
is unaﬀected by SLOSS, we compared the observed SAR
with the results from RPMS. In the computer simula-
tions, individuals of each species were reshuﬄed among
reefs with a settling probability proportional to the re-
lative area or volume of the reef. Individuals were as-
sumed to settle from an external pool without
interactions or competition. This procedure was re-
peated for the total number of individuals in each spe-
cies, and the number of species at each patch reef was
counted. Simulations were repeated 10,000 times, and
the average species richness and standard deviation were
calculated for each reef. RPMS results were then plotted
in semi-log space and compared with the observed SAR
or SVR by ﬁtting regression functions to the data. Be-
cause computer-generated random placement curves
often show a cubic curve (Belmaker et al. 2007), third
order polynomial regression functions were used.
Results
Observed SAR and results from RPMS
Six censuses of the 81 patch reefs (ranging 0.07–45.4 m2)
in 2009 yielded means of 2734.5 individuals comprising
21.5 species of damselﬁsh. In comparison, 2007 censuses
of the 84 patch reefs found 2531.2 individuals of 23.2
species on average (Table 1, see also Hattori and Shi-
buno 2010). There was a signiﬁcant diﬀerence in mean
total species richness between years (t = 4.4,
P = 0.0014) but not in the mean total number of indi-
viduals (t = 0.9, P = 0.388). The composition of rare
species had changed in 2009 such that four species found
in 2007 had disappeared and three new species had ap-
peared.
Similarly to the results of Hattori and Shibuno
(2010), the semi-log plot of SAR was linear
(R2 = 0.601, F = 119.0, P < 0.0001, AIC = 331.1),
with a highly signiﬁcant slope and intercept (Fig. 1;
slope t = 10.9, P < 0.0001; intercept t = 21.8,
P < 0.0001), suggesting that the observed SAR could
be used to predict species richness on a patch reef. In
contrast, the expected species richness (13.5) ex-
trapolated from the total patch reef area (165.69 m2)
was substantially lower than the observed species rich-
ness (21.5). The observed SAR was within 2 SD of
RPMS results for small and medium sized reefs, but not
for large reefs (Fig. 1); thus, these ﬁndings substantiated
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those of Hattori and Shibuno (2010) that the observed
SAR could not be explained by a random placement
model alone.
The cubic order polynomial regression curve showed
a good ﬁt to the RPMS of the SAR (Fig. 1, R2 = 0.999,
F = 18830, P < 0.0001, AIC = 99.0). The ex-
trapolated species richness (23.0 species) obtained from
the regression curve was similar to the observed total
species richness (21.5). Thus, like Hattori and Shibuno
(2010), total species richness could be predicted from
total patch reef area using the polynomial regression
function obtained from RPMS.
Eﬀect of coral cover on observed SAR
Overall, percent coral cover was 6 % lower in 2009 than
in 2007 at 26.2 ± 27.3 % (mean ± SD) (t = 2.20,
P = 0.031, n = 81). As in 2007, the total area of coral
cover was greatest in the largest two reefs, although the
percent coral cover (28.4 and 20.2 %, respectively) was
not the highest observed. Species richness showed a sig-
niﬁcant positive correlation with the total area of coral
Table 1 Average abundance (recorded in six censuses) and feeding strategies of damselﬁsh species across 81 (2009) and 84 surveyed patch
reefs (2007), as well as the number of reefs on which each species was found
Scientiﬁc name Abundance Patch reefs
inhabited
Feeding strategy
2009 2007 2009 2007
1. Chromis viridis 561.8 321.3 20 21 P
2. Chrysiptera cyanea 543.8 715.7 42 45 P
3. Dascyllus aruanus 481.3 545.2 51 57 P
4. Amblyglyphidodon curacao 431.1 149.7 46 31 P
5. Pomacentrus adelus 221.0 264.2 70 69 A
6. Stegastes nigricans 157.8 133.8 42 48 AA
7. Pomacentrus moluccensis 147.3 151.2 38 40 A
8. Stegastes lividus 55.3 70.8 18 23 AA
9. Amphiprion frenatus 30.5 32.2 11 16 A
10. Amblyglyphidodon leucogastera 19.3 6.7 7 5 P
11. Pomacentrus amboinensis 19.0 19.2 30 18 A
12. Hemiglyphidodon plagiometopon 13.8 10.0 17 10 AA
13. Dischistodus prosopotaenia 12.5 19.2 24 28 AA
14. Cheiloprion labiatus 12.0 40.8 14 26 C
15. Pomacentrus chrysurus 9.7 9.7 17 18 AA
16. Abudefduf sexfasciatus 7.8 27.0 13 17 P
17. Amphiprion ocellaris 3.0 3.0 1 1 A
18. Dascyllus reticulatusa 1.8 0 3 0 P
19. Chrysiptera rexa 1.7 2.3 3 5 A
20. Abudefduf vaigiensis 1.3 0.8 1 1 P
21. Neoglyphidodon nigrorisa 1.0 2.8 1 4 A
22. Pomacentrus nagasakiensisa 1.0 0 1 0 P
23. Abudefduf septemfasciatusa 0.3 0 1 0 P
24. Neoglyphidodon melas 0 3.3 0 5 S
25. Chrysiptera biocellataa 0 1.0 0 1 A
26. Pomacentrus bankanensisa 0 0.8 0 2 A
27. Plectroglyphidodon dickiia 0 0.5 0 1 A
Data from 2007 was taken from Hattori and Shibuno (2010)
P mainly planktivores, AA mainly algivores, A feeds on algae and others, C corallivores, S feeds on soft coral polyps
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Fig. 1 Observed species-area relationships (SAR, large open cir-
cles) on patch reefs and the results of random placement model
simulations (RPMS, n = 10,000) plotted on a semi-log scale. Solid
points with vertical lines indicate simulated mean species rich-
ness ±2 standard deviations. The regression line represents
observed SAR (Sobs = 4.0586 · log10 A + 4.5247, R2 =
0.6011), and the broken regression curve represents the simulation
results (Ssim =  0.1109 · log10 A3 + 0.7634 · log10 A2 +
6.1794 · log10 A + 6.6597, R2 = 0.9986)
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cover (r = 0.487, t = 4.96, P < 0.001, n = 81) but did
not correlate with percent coral cover (r = 0.002,
t = 0.019, P = 0.985, n = 81). A model including the
log of the area, coral cover (%), and the interaction term
as the predictors signiﬁcantly explained observed species
richness (Sobs) on a patch reef (R
2 = 0.669, F = 51.8,
P < 0.0001, AIC = 320.0), giving the following equa-
tion: Sobs = 3.6598 + 3.2395 · log area + 4.0199 ·
coral cover (%) + 4.340 · log area · coral cover (%).
The interaction term was signiﬁcant (F = 7.51,
P < 0.01). The coeﬃcient of determination was 6.08 %
higher than that found using a semi-log plot of SAR
without percent coral cover and the interaction term.
Thus, as found in Hattori and Shibuno (2010), coral
cover showed only a slight eﬀect on SAR.
Observed SVRs and results from RPMS
The semi-log plots of SVR were linear for both 2007
(R2 = 0.717, F = 207.4, P < 0.0001, AIC = 332.6)
and 2009 (R2 = 0.620, F = 129.0, P < 0.0001,
AIC = 327.1; Fig. 2), with highly signiﬁcant slopes and
intercepts in both years (Fig. 2; 2007, slope t = 14.4,
P < 0.0001; intercept t = 4.1, P < 0.0001; 2009, slope
t = 11.4, P < 0.0001; intercept t = 2.8, P = 0.007).
Although these analyses suggested that the observed
SVR could be used to predict patch reef species richness,
the expected species richness (13.9 in 2007; 12.1 in 2009)
calculated from total patch reef volume (24028.1 m3 in
2007; 24015.3 m3 in 2009) was much lower than ob-
served total species richness in both years (23.2 in 2007;
21.5 in 2009). Similarly to SAR, the observed SVRs were
within 2 SD of simulated values for small reefs, but not
for large reefs. Thus, a random placement model alone
did not explain observed SVRs.
Cubic order polynomial regression curves showed a
good ﬁt to the SVRs (2007 R2 = 0.999, F = 47100,
P < 0.0001, AIC = 139.6; 2009 R2 = 0.999, F =
18000, P < 0.0001, 71.7). Extrapolated species rich-
ness (23.0 for 2007; 21.9 for 2009) was very similar to the
mean observed values (23.2 for 2007; 21.5 for 2009;
Fig. 2), indicating total species richness could be pre-
dicted from total patch reef volume using RPMS.
Eﬀect of coral cover on observed SVR
The model of patch reef species richness with log vol-
ume, coral cover (%) and the interaction term as pre-
dictors was signiﬁcant for both 2007 (R2 = 0.770,
F = 89.5, P < 0.0001, AIC = 318.9) and 2009
(R2 = 0.683, F = 55.2, P < 0.0001, AIC = 316.6).
Only the interaction terms (2007 t = 2.515, P = 0.014;
2009 t = 2.607, P = 0.011) and slopes (2007 t = 6.239,
P < 0.001; 2009 t = 6.626, P < 0.001) were statisti-
cally signiﬁcant.
Species distributions across patch reefs
The four most abundant species in 2009 were Chromis
viridis, Chrysiptera cyanea, Dascyllus aruanus and Am-
blyglyphidodon curacao, all of which are planktivores.
The next four most abundant (Pomacentrus adelus,
Stegastes nigricans, Pomacentrus moluccensis and Ste-
gastes lividus) are herbivores (Table 1). The planktivores
constituted 73.8 % of all individuals, and the top eight
species constituted 95.1 %. In both years, C. viridis and
S. lividus were found at only 22–27 % of patch reefs,
whereas C. cyanea, D. aruanus, P. adelus and S. nigricans
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Fig. 2 Observed species-volume relationships (SVR, large open
circles) on patch reefs and the results of RPMS (n = 10,000) plotted
on a semi-log scale in 2007 (a) and 2009 (b). Solid pointswith vertical
lines indicate simulated mean species richness ±2 standard de-
viations. The regression lines represent observed SVRs (2007,
Sobs = 3.6113 · log10 V  1.9293, R2 = 0.717; 2009, Sobs =
3.1075 · log10V  1.4439, R2 = 0.620), and the broken regression
curves represent simulation results (2007, Ssim =  0.4081 · log10
V3 + 3.7951 · log10 V2  3.8397 · log10 V + 1.3377, R2 =
0.9994; 2009, Ssim =  0.3259 · log10 V3 + 3.0740 · log10 V2
2.3787 · log10 V + 0.691, R2 = 0.9986)
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Discussion
Our results demonstrated that a logarithmic regression
function of the observed SAR can be used to predict
patch reef species richness, corroborating our previous
work (Hattori and Shibuno 2010). Incorporating coral
cover into the function of the observed SAR only
slightly increased the coeﬃcient of determination, likely
because of low overall coral cover (26.2 %).
Drifting larvae of resident coral reef ﬁsh are often
thought to settle on patch reefs at a probability pro-
portional to the reef area. Belmaker et al. (2007) showed
that observed SARs in coral reef ﬁsh can be explained by
a random placement model alone. The present study,
however, found that observed species richness on the
largest reefs were more than two standard deviations
from expected values determined by RPMS. Further-
more, expected species richness (13.5) extrapolated from
logarithmic regressions of the total patch reef area was
much lower than the observed total species richness
(21.5). Thus, our results indicate that observed SARs
cannot be fully explained by a random placement model.
In contrast, expected species richness extrapolated from
the cubic regression curve ﬁtted to the RPMS data (23.0
species) was similar to the observed total species rich-
ness. It is probable that the accuracy of the RPMS es-
timation of total species richness was caused by the
preponderance of data from small and medium-sized
reefs, where the few large reefs that occurred likely had a
negative eﬀect on total species richness. As such, the
probability of a ﬁsh larva reaching a reef may not be
proportional to reef area. Nonrandom recruitment of
juveniles to a habitat patch has been reported for some
coral reef ﬁsh species (Elliott et al. 1995; Schmitt and
Holbrook 1999; Hattori 2012). For example, residents
chase newly settled juveniles of Dascyllus species out of
the branching corals and sea anemones they inhabit
when shelter space is insuﬃcient (Schmitt and Holbrook
1999). Furthermore, aggressive behavior in dominant
ﬁsh keeps inferior competitors at the edges of the habitat
patch where predation risk may be high (Holbrook and
Schmitt 2002). Thus, even if juveniles settle at random,
recruitment may not be random because of aggressive
behavior by residents, high predation pressure at habitat
edges and post-settlement movement.
Reduced space in ﬂat reefs relative to tall reefs may
result in stronger eﬀects of interspeciﬁc competition on
species richness (Hattori and Shibuno 2013). Conse-
quently, relatively ﬂat reefs may be unable to harbor as
many species as expected based on RPMS using reef
area. Large reefs are unlikely to be tall for their size in
shallow back reefs (Hattori and Shibuno 2013), whereas
a patch reef in a deeper area may grow allometrically
according to Volume = c · Area1.5, where c is the co-
eﬃcient. At our shallow study site (1.5–2.5 m depth),
volume was calculated as 83.331 · Area1.3132
(R2 = 0.9717, n = 84) or as 194.79 · Area 91.854
(R2 = 0.9926, n = 84). Because large reefs likely ex-
tended nearly to the surface of the water, patch reef
volume was a better determinant of species richness than
patch reef area. Thus, logarithmic regression functions
on the observed SVRs provided the best estimates of
patch reef species richness. Although total species rich-
ness could not be predicted from the observed SVR
alone, estimates based on SVR regression curves ﬁtted to
the RPMS data were better (in AIC comparisons) than
those estimated the same way using SAR. Thus, given a
nearly identical total area, several small but tall reefs
may harbor a greater number of species than a large ﬂat
reef, indicating important eﬀects of SLOSS in shallow
back reefs at the small scale. In deeper waters, such as
the outer fringing reef, total reef area irrespective of the
size distribution of patches is likely to be a useful indi-
cator of species richness (as in Belmaker et al. 2007)
because large patch reefs can be tall enough.
Patchy habitats have been found to enhance species
coexistence through interspeciﬁc trade-oﬀs between dis-
persal (colonization) and competitive abilities (Tilman
1994; Lehman and Tilman 1997). For example, two
competing anemoneﬁshes (Amphiprion clarkii and A.
perideraion) that use the same sea anemone species as
habitat can coexist through diﬀerences in preferred
habitat sizes. The superior competitor A. perideraion
occupies only a few of the largest anemones, while the
superior disperser A. clarkii can inhabit and move be-
tween anemones of various sizes (Hattori 1995, 2002).
Moreover, juvenile A. perideraion can recruit to large
anemones already inhabited by A. clarkia and eventually
replace A. clarkia, but A. clarkii can escape intra- and
interspeciﬁc competition by occupying many anemones
during its lifetime (Hattori 1994, 2002). Of the eight
most abundant species in our study, C. viridis and S.
lividus, which occupied only 25 % of the reefs sur-
veyed, may be superior competitors. C. cyanea, D. aru-
anus, P. adelus and S. nigricans inhabited more than half
of the reefs and thus may be superior dispersers. As
aggressive territorial herbivores, S. nigricans and S. li-
vidus rarely coexisted on patch reefs at the study site,
except for on large tall reefs (Hattori and Shibuno 2013).
In the absence of large tall reefs, however, these two
species may still coexist because S. nigricans is a superior
disperser. Of the four most abundant planktivores, C.
viridis and D. aruanus both inhabit branching corals.
Our results indicate that the two species rarely coexist on
a small branching coral but are widely distributed be-
cause D. aruanus can settle on branching corals unoc-
cupied by C. viridis. Further studies are needed to
determine the eﬀects of varying patch reef size on in-
terspeciﬁc trade-oﬀs between dispersal and competitive
abilities at small scales (Tilman 1994; Lehman and Til-
man 1997) and the implications for species richness of
coral reef ﬁsh.
Habitat complexity has been shown to counteract the
negative eﬀects of interspeciﬁc competition and preda-
tion on resident species and thus contribute to the high
species richness of coral reef ﬁsh at a number of scales
(e.g., Luckhurst and Luckhurst 1978; Bell and Galzin
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1984; Jones and Syms 1998). Structural complexity has
been measured using a number of parameters, including
the number of crevices or holes, the ratio of chain length
to linear distance across the reef, and the abundance of
live coral cover (e.g., Luckhurst and Luckhurst 1978;
Bell and Galzin 1984; Sano et al. 1987; McCormick
1994; Chabanet et al. 1997). Consequently, many studies
have reported a strong positive relationship between reef
substrate complexity and ﬁsh species richness. Mi-
croscale indices of habitat complexity, however, may be
impractical for evaluating coral reef habitat quality be-
cause of the diﬃculty of taking such measurements, even
in a small area. Furthermore, because of their limited
scope of applicability, these indices cannot be used to
examine habitat patch dynamics. Instead, coral-gener-
ated meso-scale rugosity may be a better indicator of
coral reef ﬁsh abundance and diversity (Harborne et al.
2012), as tall coral patches (>0.5 m height) have a
higher carrying capacity for some coral reef ﬁshes.
Hattori and Kobayashi (2007, 2009) also suggested that
small but tall patch reefs (>0.5 m height) can provide
suﬃcient habitat for anemoneﬁshes in the shallow back
reef. Patch reef height and area can easily be determined
using ﬁne-scale seascape maps created from high
resolution aerial photographs and image analysis soft-
ware without the need for GPS. These methods can be
used to calculate patch reef volume over larger areas (on
the scale of hectares), allowing the investigation of
habitat patch dynamics.
Although indices of meso-scale rugosity do not reﬂect
microscale topographic complexity, and all patch reefs
do not have cylindrical shapes, summed patch reef vol-
ume provides a rough estimate of the total amount of
essential habitat over larger scales. These estimates in-
clude the water column above the reef and the surface
area and internal space of the reef. As many reef ﬁsh
species remain in the internal space of the reef while
feeding on plankton in the overlying water or on benthic
organisms on the reef surface, the summed patch reef
volume may be a useful indicator of total species rich-
ness relative to the total amount of essential habitat.
Unmanned aerial vehicles or drones that can ﬂy at very
low altitude may soon provide coral reef ecologists with
high-resolution aerial photographs over large areas
(Anderson and Gaston 2013). Land reclamation for the
construction of piers, roads, airports, industrial sites,
and waterfronts is a common cause of destruction of
shallow back reef habitat, particularly in densely
populated islands such as Okinawa, Japan (Spalding
et al. 2001; Tsuchiya et al. 2004; Hattori and Kobayashi
2007, 2009; Hattori and Shibuno 2010, 2013). The de-
struction of habitat by land reclamation as well as by
coral bleaching has resulted in reduced coral reef ﬁsh
diversity and abundance (Spalding et al. 2001; Roberts
et al. 2002; Tsuchiya et al. 2004). Habitat quality
assessment is essential to prioritize protection measures.
Three-dimensional meso-scale rugosity is a simple index
of habitat complexity that can be made at the scale of an
entire shallow back reef. Thus, this study suggests that
high-resolution aerial photographs and the meso-scale
rugosity index can and should be used for selecting high
priority sites for marine protected areas, particularly
when ﬁnancial resources are limited and all sites cannot
be protected.
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